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ABSTRACT
The optical Fundamental Plane of black hole activity relates radio continuum luminosity of
active galactic nuclei (AGNs) to [OIII] luminosity and black hole mass. We examine the envi-
ronments of low-redshift (z< 0.2) radio-selected AGNs, quantified through galaxy clustering,
and find that halo mass provides similar mass scalings to black hole mass in the Fundamental
Plane relations. AGN properties are strongly environment-dependent: massive haloes are more
likely to host radiatively inefficient (low-excitation) radio AGN, as well as a higher fraction of
radio luminous, extended sources. These AGN populations have different radio–optical lumi-
nosity scaling relations, and the observed mass scalings in the parent AGN sample are built up
by combining populations preferentially residing in different environments. Accounting for
environment-driven selection effects, the optical Fundamental Plane of supermassive black
holes is likely to be mass-independent, as predicted by models.
Key words: black hole physics – galaxies: active – galaxies: jets.
1 IN T RO D U C T I O N
The Fundamental Plane (FP) of black hole activity defines a low-
redshift correlation between radio continuum luminosity, X-ray lu-
minosity, and black hole mass of the form Lradio ∝ LaXMb. It holds
over 10 orders of magnitude in radio luminosity, and connects ac-
tive galactic nuclei (AGNs) hosted by supermassive black holes with
(much more radio-quiet) X-ray black hole binaries (XRBs). Work
by various authors (Merloni, Heinz & di Matteo 2003; Ko¨rding,
Falcke & Corbel 2006; Gu¨ltekin et al. 2009; Bonchi et al. 2013;
Nisbet & Best 2016) has confirmed the existence of the FP, with
exponents in the range a= 0.4–0.8, and b= 0.6–1.0, depending on
the sample used.
Heinz & Sunyaev (2003) pointed out that the expected scaling
between X-ray and radio luminosity depends on whether the X-
ray emission is dominated by the hot disc corona, or the jet itself
through optically thin synchrotron or synchrotron self-Compton
emission. Falcke, Ko¨rding & Markoff (2004) showed that, for jet-
dominated X-ray emission, the mass dependence of the FP naturally
comes about due to the changing break frequency between the
optically thin and thick parts of the jet. Typical spectral indices1
of α = +0.1 and −0.6 for the optically thick and thin parts of the
spectral energy distribution (SED), respectively, yield a = 0.7 and
b= 0.6, consistent with observed scalings in the low/hard state of
XRBs (Ko¨rding et al. 2006; Corbel et al. 2013); similar scalings
 E-mail: Stanislav.Shabala@utas.edu.au
1We use the convention Fν ∝ να throughout this paper.
are obtained if the X-rays are produced by a radiatively inefficient
accretion flow, rather than the jet (Merloni et al. 2003). For a self-
absorbed synchrotron jet with X-ray emission coming from the
accretion disc, theory predicts a mass-independent scaling Lradio ∝
L1.4X (Falcke et al. 2004), consistent with observations of at least
some radio-faint XRBs (e.g. H1743–322, Coriat et al. 2011, but
see Rushton et al. 2016) and Atoll-type neutron star X-ray binaries
(Migliari & Fender 2006; Tetarenko et al. 2016).
Saikia, Ko¨rding & Falcke (2015) recently reported the existence
of the so-called optical FP, which uses the [O III] narrow-line lumi-
nosity instead of X-ray luminosity. Line emission from the narrow-
line region scales with the strength of the ionizing radiation field,
and has been shown to trace AGN bolometric luminosity (Heckman
et al. 2004); hence it is a good proxy for the black hole accretion
rate. By converting the measured [O III] luminosities to hard (2–
10 keV) X-ray luminosities, Saikia et al. (2015) compared their
extrapolated FP for 39 AGNs (12 Seyferts, 20 LINERs, and 7 tran-
sition objects) to observations of XRBs, finding that the observed
XRB population has higher radio luminosities than expected from
the AGN-only FP. This result, which brings into question the FP
unification of supermassive and stellar mass black holes, has since
been confirmed using a sample of lower luminosity AGN (LINERs)
by Nisbet & Best (2016). In this paper, we suggest that the observed
mass dependence in the optical FP relations for supermassive black
holes is due to environmental effects. High- and low-mass radio
AGNs preferentially inhabit different environments. As a conse-
quence, these AGN are found in different accretion modes, and have
different scalings between jet kinetic power and radio continuum
luminosity.
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2 SA MPLE
The starting point for our sample of radio AGN comes from Best
& Heckman (2012). These authors cross-matched the seventh data
release of the Sloan Digital Sky Survey (SDSS; Abazajian et al.
2009) with the NRAO VLA Sky Survey (NVSS; Condon et al.
1998) and Faint Images of the Radio Sky at Twenty centimeters
(FIRST; Becker, White & Helfand 1995) 1.4 GHz radio continuum
surveys. Best & Heckman (2012) used a combination of indicators
to identify radio AGN, including the 4000 Å break, ratio of radio
luminosity to stellar mass, and optical emission line diagnostics.
The Best & Heckman (2012) sample consists of 7302 radio AGN
with redshifts 0.01 ≤ z ≤ 0.3 and host galaxy r-band magnitude
brighter than 17.77. These authors further separated radio AGN into
high- (HERG) and low-excitation radio galaxies (LERG), based on
optical line ratios of six species, as well as the [OIII] line equivalent
width. Although only around one-third of the objects in the Best &
Heckman (2012) sample had sufficiently strong emission lines to
be classified spectroscopically, the majority of unclassified sources
were found towards the back of the sample volume. In the analysis
below, we restrict the AGN sample to z < 0.2. Early theoretical
(Merloni et al. 2003) and observational (Ko¨rding et al. 2006) work
on the FP explicitly excluded radiatively efficient AGN, however
much subsequent work (e.g. Gu¨ltekin et al. 2009; Bonchi et al. 2013;
Saikia et al. 2015) has employed samples containing both HERG
and LERG. As shown in Section 4, this introduces a systematic bias
in the derived relations.
To study the correlation between radio- and narrow-line lumi-
nosities, we need to construct a complete subsample. NVSS is
99 percent complete at 3.4 mJy (Condon et al. 1998). Above a
narrow-line luminosity integrated flux of S[O III] > 20 × 10−17 erg
s−1 cm−2, we found 95 per cent of the AGNs have a signal-to-
noise ratio of at least two. Applying these two cuts to the Best &
Heckman (2012) sample yields 1356 LERGs and 138 HERGs at
z < 0.2.
To quantify environments, we use the SDSS group catalogues of
Yang, Mo & van den Bosch (2008). These authors used an adaptive
halo-based group finder to associate nearby galaxies with a common
dark matter halo, both in rich and poor systems. Tests with mock
galaxy catalogues suggest a typical accuracy for the halo mass
estimates of 0.3 dex. Cross-matching with the Yang et al. (2008)
catalogue yields 836 AGNs with halo masses. Of these, 726 are
classified by Best & Heckman (2012) as LERGs, 68 as HERGs,
and the remaining 42 objects do not have an optical classification;
we do not consider objects without a spectroscopic classification in
our analysis. We further restrict our sample to sources which we
can reliably classify as compact or extended (Section 4.1). Our
final sample consists of 714 LERGs and 67 HERGs with halo
masses.
3 TH E O R E T I C A L C O N S I D E R AT I O N S
3.1 Extended radio sources
Analytical models of powerful double [Fanaroff–Riley type II (FR-
II), Fanaroff & Riley 1974] radio sources (e.g. Scheuer 1974; Kaiser
& Alexander 1997; Turner & Shabala 2015) describe supersonic ex-
pansion of radio lobes inflated by backflow of shocked plasma from
the termination point of an initially relativistic jet. Conservation
of energy within the cocoon and the shocked gas shell, together
with the ram-pressure condition at the hotspot, are sufficient for
describing cocoon dynamics. Similar models apply to lobed lower
power FR-I sources. In jetted FR-Is, the initially conical jets are
not collimated sufficiently by the external medium before stalling
(Alexander 2006; Krause et al. 2012); beyond the stalling point
the jet suffers significant entrainment, yielding diffuse plumes of
radio emission. The synchrotron emission is usually calculated un-
der the assumption of a constant fraction of the total lobe energy
being in the magnetic field (Kaiser, Dennett-Thorpe & Alexander
1997). It can be shown (e.g. Shabala & Godfrey 2013, see their
equation 4) that, in the absence of loss processes,2 the relationship
between monochromatic lobe luminosity Lν and jet kinetic power
Qjet is
Lν = A1Q
5+p
6
jet
(
ν
ν0
) 1−p
2
(1)
Here, the initial electron Lorentz factor distribution at the site of ac-
celeration is given by n(γ )∝ γ −p, and A1 is a constant. The optically
thin synchrotron spectral index is related to p via α = (1 − p)/2.
Let jet power generation efficiency be η, i.e. Qjet = η ˙MBHc2; and
bolometric luminosity be Lbol = rad ˙MBHc2. Then, Qjet = ηrad Lbol
and equation (1) gives the relationship between radio and bolometric
luminosities,
log(Lν) =
[
log A2 +
(
5 + p
6
)
log
(
η
rad
)]
+
(
5 + p
6
)
log Lbol (2)
where the frequency dependence has been absorbed into the constant
A2. For p= 2.6 (corresponding to spectral index α =−0.8), the slope
of the logLν – log Lbol relation is 1.27.
3.2 Compact sources
Falcke & Biermann (1995) and Heinz & Sunyaev (2003) derived a
general expression for the integrated flux density of a self-similar
jet. The scaling between jet kinetic power and flux density (or radio
luminosity) depends on the details of the jet model. For jet models
in which the energy density in the magnetic field and relativistic
particles both scale with total pressure, Lν ∝ Q17/12+α/3jet . For steep-
spectrum jets (α = −0.8), this gives an exponent of 1.15, or 1.42 for
flat-spectrum jets with α ∼ 0. Synchrotron self-absorption, which
naturally produces flat spectra (Blandford & Ko¨nigl 1979), takes
place on parsec scales, and for typical jet powers, the synchrotron
emission should be optically thin on kiloparsec (kpc) scales which
are of interest in this work. On scales comparable to galactic disc
thickness, the observed spectra of (intrinsically) optically thin jets
can still show relatively flat or even peaked spectra due to free–free
absorption by the interstellar medium (Bicknell, Dopita & O’Dea
1997). The assumption of proportionality between magnetic, parti-
cle, and total pressure is also made in standard radio lobe models,
and hence it is not surprising that for both extended lobes and com-
pact jets, we expect similar scalings between jet power (or a proxy
for this quantity, such as bolometric luminosity) and synchrotron
radio luminosity. For gas-dominated discs, the scaling is slightly
different (Heinz & Sunyaev 2003), Lν ∝ Q1.65+0.45αjet ; for α = −0.8,
2Equation (1) is evaluated under the assumption of no synchrotron or Inverse
Compton losses in the emitting population. In reality, these losses become
progressively more important as the source ages, and manifest themselves
via a systematic shift in the radio luminosity–jet power relation with in-
creasing source size (see fig. 2 of Shabala & Godfrey 2013).
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this yields a slope of 1.29, similar to the above values for both
compact and extended sources.
3.3 Comparing compact and extended emission
As shown above, both compact and extended steep-spectrum
sources are expected to follow Lradio ∝ Lxbol for x= 1.15–1.42. The
main difference is in the normalization: in a large, low-redshift
(z < 0.3) sample of powerful radio galaxies, Hardcastle et al. (1998)
find the ratio of core to total luminosity at 178 MHz to be between
0.001 and 0.4, with the median value of 0.02. We therefore expect
compact sources to have substantially lower radio luminosities at a
given bolometric luminosity.
There are two further noteworthy points. First, the above dis-
cussion implicitly assumes that core and extended radio flux relate
to the same jet kinetic power. However, these two measurements
probe different timescales: extended radio luminosity is a proxy for
time-averaged jet power on timescales of tens to hundreds of Myr,
while core luminosity traces the (quasi-)instantaneous jet power.
For variable accretion rate, these two measurements will in general
be different, although they should converge to similar values for a
continuously active jet, i.e. the time-averaged jet power should be
similar the average instantaneous power. In the case of intermittent
jet activity, the jet power inferred from extended radio luminosity
will be lower by a factor corresponding to the jet duty cycle. The
majority of radio sources in the local Universe are hosted by mas-
sive galaxies with high duty cycles (Best et al. 2005), hence we do
not expect this effect to be important to this work.
Second, recognizing the need to probe nuclear emission, a num-
ber of authors (e.g. Merloni et al. 2003; Ko¨rding et al. 2006; Gu¨ltekin
et al. 2009) have used compact (arcsec-scale) 5 GHz or even 15 GHz
(Saikia et al. 2015) radio flux densities. However, for all but the
nearest AGN, these observations still probe scales of several kpc;
the problem is exacerbated at higher redshifts (e.g. Bonchi et al.
2013). Below, we show that the contribution of extended flux is
environment-dependent.
4 TH E O P T I C A L F U N DA M E N TA L PL A N E
4.1 Optical–radio luminosity relation
The left-hand panel of Fig. 1 shows the relationship between [O III]3
and radio continuum luminosity in our sample. High- and low-
excitation radio AGNs both show a correlation, as previously re-
ported by other authors (Willott et al. 1999; Buttiglione et al. 2010).
The different normalizations for HERG and LERG populations
are expected due to their different jet production efficiencies η/rad
(equation 2). The low radio luminosity end is dominated by LERGs,
while number counts of LERGs and HERGs become comparable
at the highest (L1.4 > 1025 W/Hz) luminosities (Fig. 1; see also
fig. 4 of Best & Heckman 2012). For comparison, we overplot the
sample of extended 3C radio galaxies of Buttiglione et al. (2010),
who also used spectroscopic diagnostics to classify AGN as high or
low excitation. Extended radio galaxies follow similar trends to the
3Our [O III] luminosities are not extinction-corrected, consistent with the
luminosity-independent bolometric correction reported by Heckman et al.
(2004). Saikia et al. (2015) showed that using dust-corrected [O III] luminos-
ity results in lower aOIII and higher amass values (see Table 1) by 0.3–0.4 dex,
due to the luminosity dependence of the bolometric correction (Lamastra
et al. 2009).
Figure 1. 1.4 GHz radio luminosity–[OIII] line luminosity correlation.
Circles are the complete low-luminosity Best & Heckman (2012) sample
with halo masses. Pentagons are powerful 3C radio sources from Buttiglione
et al. (2010), filled symbols denote an [OIII] detection, and open symbols are
upper limits on [OIII] luminosity. High-excitation sources (blue) are offset
from the low-excitation (red) population. Powerful extended radio galaxies
clearly trace out the upper (high radio luminosity) envelope of the underlying
NVSS population.
lower luminosity sample, but clearly occupy the upper envelope of
the distribution; in other words, they have high radio luminosities
relative to their [OIII] luminosity.
It is instructive to consider the residuals to the best-fitting re-
lation between these variables. Fig. 2 shows the excess in radio
luminosity (traced by NVSS) as a function of halo mass, plotted
separately for LERGs and HERGs. Here, the radio excess has been
calculated by subtracting from each source the best fit to the ap-
propriate L1.4 − L[O III] relation. Each population has further been
split into compact and extended sources, using the classifications
of Best & Heckman (2012). These authors classified sources into
four categories: (1) those sources which consist of single compo-
nents in both FIRST and NVSS; (2) sources with a single NVSS
component but multiple components in FIRST; (3) NVSS sources
without a FIRST counterpart; and (4) NVSS sources with multiple
components. We classify sources in categories (2) and (4) as ex-
tended. We classify category (1) sources as extended if their NVSS
to FIRST flux density ratio exceeds 5, i.e. they exhibit significant
low-surface brightness emission which is resolved out by FIRST.
Category (1) sources in which this flux density ratio is below the
threshold are classified as compact. This approach follows Kimball
& Ivezic´ (2008) and Singh et al. (2015), albeit with a higher value of
the flux density ratio (those authors adopt a threshold value of 1.4);
our results are qualitatively similar for lower values of the flux den-
sity ratio threshold. Finally, we exclude category (3) objects from
our analysis, noting that only 1 HERG and 12 LERGs fall into this
category. There are 138 extended and 576 compact LERGs; and 19
extended, 48 compact HERGs. There is no statistically significant
(as given by a Kolmogorov–Smirnov test at the 10 percent level)
difference in the redshift distributions of compact and extended
sources. As a caveat, we note that compact sources defined using
1.4 GHz flux densities may encompass more non-jetted emission
than higher frequency samples (e.g. Ko¨rding et al. 2006; Gu¨ltekin
et al. 2009; Saikia et al. 2015).
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Figure 2. Residuals to the radio–narrow-line luminosity correlation, as a function of halo mass, plotted separately for LERGs (left-hand panel) and HERGs
(right-hand panel). Open circles correspond to compact sources, closed circles are extended objects. Large symbols show medians of the binned populations,
with each bin chosen to have the same number of objects; error bars contain 68 percent of the data in each halo mass bin. There are only 19 extended HERGs,
and hence no binning is shown for these objects. In both HERGs and LERGs, extended sources clearly have higher radio luminosities, and preferentially reside
in denser environments.
Three features are immediately apparent in Fig. 2. First, HERGs
preferentially reside in poorer environments, with a median halo
mass of 6 × 1012M h−1 compared to 1.6 × 1013M h−1 for
LERGs; this result echoes the findings of Sabater, Best & Argudo-
Ferna´ndez (2013). Second, both HERGs and LERGs show a clear
dichotomy between compact and extended sources, with extended
sources consistently exhibiting radio emission in excess of the me-
dian value for the combined (compact plus extended) population.
Third, compact and extended source counts depend on environment:
despite compact sources greatly outnumbering extended sources in
both HERGs and LERGs, the numbers are comparable at the high-
est masses (above 1013M h−1 for HERGs, and 1014M h−1 for
LERGs). Hence, at a fixed [O III] luminosity, massive haloes are
more likely to host extended, high-luminosity radio sources. The
most radio bright sources will, therefore, be preferentially found in
rich environments. Because halo mass correlates with AGN host
galaxy mass and therefore black hole mass, any mass-dependent
scaling will push the extended, high-luminosity sources to the right
in L1.4 − L[O III] plane, thereby strengthening any existing correla-
tion. The separation between HERGs and LERGs (Fig. 1) will also
be reduced with a mass scaling, since HERGs preferentially inhabit
poor environments; however a separate relation, corresponding to a
different η/rad value from the LERG population, would be a more
physically motivated alternative.
4.2 Thickness of the Fundamental Plane
A number of authors (e.g. Merloni et al. 2003; Daly 2016) have
suggested that parameters such as black hole spin add scatter to the
FP. The above analysis suggests that environmental effects are also
likely to contribute. Table 1 shows the results of fitting a plane in ra-
dio luminosity, [O III] luminosity and mass (either halo or black hole,
estimated from velocity dispersion using the relation of Tremaine
et al. 20024) to our data, using the HYPERFIT5 package (Robotham &
Obreschkow 2015). HYPERFIT uses traditional likelihood methods to
estimate a best-fitting model to multidimensional data, in the pres-
ence of parameter covariances, intrinsic scatter, and heteroscedastic
errors on individual data points. It assumes that both the intrinsic
scatter and uncertainties on individual measurements are Gaussian,
and allows for error covariance between orthogonal directions. Pa-
rameter estimates in Table 1 have been obtained using the conjugate
gradients method; similar results are found using a quasi-Newtonian
method. The scatter about the best-fitting relation of ∼0.5 dex is
comparable with results reported by other authors (Merloni et al.
2003; Bonchi et al. 2013; Saikia et al. 2015; Nisbet & Best 2016).
Compact sources show a marginally steeper dependence of radio
luminosity on [O III] luminosity than extended sources, and sub-
stantially less scatter about this relation. This is expected from
synchrotron ageing and jet-environment interaction in extended
sources, discussed in Section 3, and has also been reported by
Miraghaei & Best (2017). Compact and extended sources have dif-
ferent normalizations of the radio–optical luminosity relation, and
preferentially reside in different environments (Fig.2). This likely
accounts for the reduced scatter when mass is introduced as an ad-
ditional variable: the mass scalings (either halo or black hole) of
the combined population are steeper than for compact and extended
sources individually; a similar point applies to combining the HERG
and LERG samples. Radio–optical luminosity correlations depend
only weakly on mass in individual subsamples, with pronounced
mass scalings built up by combining different populations. A key
result of this work is that the scatter in the FP which uses halo mass
4As shown by Nisbet & Best (2016), using the steeper relation of McConnell
& Ma (2013) will change amass by 0.2–0.3 dex.
5hyperfit.icrar.org
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Table 1. Best fits to the FP, of the form logL1.4 = aOIIIlog LOIII + amasslog M + c, where mass is either halo or black hole mass. Compact sources show less
scatter than extended sources. There are too few extended HERGs (19) for meaningful fits; note that the extended HERGs also introduce large uncertainties
into the overall HERG fits.
No mass Mhalo Mbh
NAGN aOIII σ aOIII amass σ aOIII amass σ
All sources 781 0.85 ± 0.05 0.45 0.87 ± 0.05 0.28 ± 0.04 0.42 0.91 ± 0.05 0.25 ± 0.05 0.42
Compact 576 0.90 ± 0.04 0.33 0.91 ± 0.04 0.11 ± 0.03 0.32 0.93 ± 0.04 0.18 ± 0.03 0.31
Extended 138 0.67 ± 0.10 0.47 0.73 ± 0.10 0.18 ± 0.10 0.45 0.74 ± 0.10 0.20 ± 0.11 0.45
LERGs: All 714 0.94 ± 0.06 0.43 0.93 ± 0.06 0.25 ± 0.04 0.40 0.97 ± 0.06 0.16 ± 0.06 0.41
Compact 576 1.02 ± 0.05 0.30 1.03 ± 0.05 0.05 ± 0.03 0.29 1.03 ± 0.05 0.12 ± 0.04 0.29
Extended 138 0.88 ± 0.15 0.43 0.93 ± 0.14 0.17 ± 0.10 0.40 0.92 ± 0.14 0.02 ± 0.13 0.42
HERGs: All 67 0.80 ± 0.16 0.52 0.60 ± 0.97 0.62 ± 0.95 0.45 0.76 ± 0.16 0.55 ± 0.14 0.43
Compact 48 0.62 ± 0.18 0.45 0.34 ± 0.27 0.73 ± 0.22 0.37 0.61 ± 0.16 0.32 ± 0.11 0.39
is the same as that using black hole mass. This is consistent with
our interpretation that black hole mass is a proxy for environment.
Our radio–[OIII] luminosity slope is consistent with the results
of Saikia et al. (2015). Both our relation and that of Saikia et al.
(2015) are shallower than the slope predicted by equation (2), and
also the observed scaling relations in powerful radio sources (Willott
et al. 1999). Different jet production efficiencies η/rad across the
AGN populations will contribute to flattening this slope. Recently,
Sbarrato, Padovani & Ghisellini (2014) have argued that at the
lowest accretion rates, the ionizing luminosity (traced by [OIII]) can
drop significantly below a linear scaling. Such a decrease would
lead to higher L1.4/L[O III] ratios at the lowest [O III] luminosities,
and again flatten the observed relation.
5 D ISCUSSION
5.1 Dimensionless Fundamental Plane
Daly (2016) presented a novel approach to non-dimensionalizing
the FP analysis, plotting the ratio Qjet/Lbol as a function of Lbol/LEdd
for a sample of powerful classical double radio sources. Using a
sample of high- and low-excitation powerful radio galaxies, Daly
(2016) argued that there appears to be a trend to lower jet production
efficiencies (i.e. lower Qjet/Lbol values) with increasing accretion
efficiency. Xie & Yuan (2017) performed a similar analysis using
radio and X-ray luminosities, and argued for a change in radio
loudness at the lowest accretion rates.
In Fig. 3, we plot the ratio of radio to bolometric luminosity as
a function of dimensionless accretion rate.6 We recover the result
of Daly (2016) and Xie & Yuan (2017) that lower accretion rate
systems are more radio loud. Our work also shows that environ-
ment is a hidden variable in these relations: massive haloes host a
higher fraction of low accretion rate (in Eddington units) systems.
Moreover, as Figs 3 and 2 show, massive haloes are also more likely
to host extended, luminous radio sources.
5.2 Implications of the environmental dependence of radio
emission
The majority of sources in our sample appear compact, consistent
with the earlier results of Best et al. (2005), Shabala et al. (2008),
and Baldi, Capetti & Giovannini (2015). Using the definition of
6Using jet generation efficiency instead of radio luminosity,
log
(
Qjet/Lbol
) = 65+p log Lradio − log Lbol + const (equation 2), yields
similar results.
Section 4, only 18 of 594 compact LERGs (our largest subsam-
ple) have significant excess of diffuse emission, SNVSS/SFIRST > 5.
Relaxing the compactness criterion to SNVSS/SFIRST > 1.38 (Singh
et al. 2015) increases the number of sources with extended emission
to 170. This fraction is mass-dependent, with 24 ± 3 per cent of un-
resolved AGN in low-mass (Mhalo < 1013M h−1) haloes having
extended emission, compared with 33 ± 4 per cent in high-mass
haloes (Mhalo > 3 × 1013M h−1). A possible interpretation of this
compact population is that the compact jets are not young or frus-
trated, but instead have low-surface brightness radio lobes which
are too faint for detection, similar to the subsample of compact, very
long baseline interferometry-detected AGN in poor environments
studied by Shabala et al. (2017). Extended low-surface brightness
radio emission is naturally expected in steep environments where
the radio jets cannot be collimated to form classical FR extended
structures. In this scenario, only emission on scales comparable
to the galactic disc – where the jet has a sufficient working sur-
face – will be seen. Free–free absorption by the multiphase in-
terstellar medium will produce characteristic GHz-peaked spectra
on these kpc scales, potentially explaining the overabundance of
observed low-luminosity, compact, flat-spectrum sources (Whittam
et al. 2017).
Yuan & Wang (2012) found a broad relation between core and
lobe radio luminosities in both radio galaxy and quasar samples,
with a (logarithmic) slope of less than unity; in other words, faint
radio sources have a higher extended-to-core luminosity ratio. These
low-luminosity jets tend to be LERGs in dense environments (Best
& Heckman 2012; Sabater et al. 2013), and hence the shallow slope
of the Yuan & Wang (2012) relation is consistent with our results
above.
The possibility of lobes contributing to detected radio emission
has two potentially important implications. As discussed in Sec-
tion 3, compact and extended sources have different jet power–radio
luminosity scalings; misinterpreting lobe-dominated emission will
therefore tend to overestimate jet kinetic powers, with implications
for galaxy formation models (Raouf et al. 2017). Moreover, the con-
version from total to core luminosity (e.g. using the relations of Yuan
& Wang 2012) must take environment into account. The second ef-
fect will be on using the FP relations to estimate black hole masses,
as has been recently done for intermediate (Gu¨ltekin et al. 2014;
Koliopanos et al. 2017) and ultramassive (Hlavacek-Larrondo et al.
2012) black hole populations. Here, any lobe radio emission will
lead to overestimates in black hole mass. Observations sensitive to
low-surface brightness emission, such as the Murchison Widefield
Array GLEAM survey (Hurley-Walker et al. 2017), should soon
quantify such selection effects and answer the question of whether
MNRAS 478, 5074–5080 (2018)
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Figure 3. Relationship between radio loudness and dimensionless accretion rate, for different halo masses. Open circles again represent compact sources, and
closed circles are extended objects. Massive haloes host a higher fraction of both low accretion rate black holes, and extended radio AGN.
the majority of radio AGN sources are genuinely compact, or their
full extent is simply invisible to conventional interferometers at
GHz frequencies.
6 C O N C L U S I O N S
This short paper considers the environmental dependence on the
optical FP of black hole activity. SDSS group catalogues were
used to quantify environments around a sample of low-redshift
(z < 0.2) AGN. [O III] line luminosities are used the estimate the
AGN bolometric luminosities, and VLA FIRST and NVSS surveys
to quantify the 1.4 GHz radio continuum emission associated with
the AGN on two spatial scales. The main result of this work is that
mass of the AGN host halo is a hidden variable in the FP relations.
Specifically:
(i) HERG and LERG occupy different mass haloes. These AGN
follow similar jet power–radio luminosity relations, but with differ-
ent normalizations due to their different jet production efficiencies.
When these populations are considered together, the preference of
low-excitation radio AGN towards massive haloes naturally intro-
duces a mass-dependent ‘tilt’ in the AGN FP.
(ii) Even at fixed accretion mode, the fraction of compact and
extended radio AGN depends on halo mass. Massive haloes are
more likely to host AGN with substantial lobe, rather than jet,
emission. The relationship between lobe radio luminosity and
jet power is similar to that involving jet luminosity, but again
with a different normalization. Lobe contribution to AGN ra-
dio luminosity also contributes to the mass-dependent tilt in the
FP.
(iii) Scatter in the FP relations is reduced significantly when
AGNs in different accretion modes, and with different jet/lobe
contributions to radio emission, are treated separately. For com-
pact low-excitation AGN, our largest subsample, scatter in
the FP relations reduces by over 40 percent, and the halo
mass dependence becomes statistically insignificant at the 2σ
level.
Similar results are found when black hole mass (estimated us-
ing stellar velocity dispersions) is used instead of halo mass. This
is expected due to the well-known correlation between these two
parameters, and suggests something rather important: our results
above are consistent with a scenario in which the role of black hole
mass in the observed optical FP of black hole activity is simply as
a proxy for the real variable, namely the environment in which the
AGN resides.
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